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This paper  examines  the  use  of TiO2 nanotubes  (HNTs)  as  supports  for V2O5 based  catalysts  in  the  total
oxidation  of chlorobenzene.  The  effect  of the  addition  of SO42− onto  the  support  is  also  discussed.  Vana-
dium  was  introduced  either  by  direct  incorporation  of  V during  the  elaboration  of the  nanotubes  (in
situ  elaboration),  or by the  impregnation  of V on  the  surface  of  the supports  (ex situ elaboration).  Theeywords:
iO2 nanotubes
ulfate
anadia
hlorobenzene oxidation
obtained  catalysts  have  been  characterized  by means  of  ICP-AES,  N2 adsorption–desorption  at  77  K,  XRD,
DRIFTS, XPS,  H2-TPR  and  NH3-TPD.  We  demonstrated  that  sulfating  step  highly  improves  the  catalytic
performances  of  V-HNTs  catalysts.  This  is  due  to  an  increased  global  acidity  and a  higher  reactivity  of
redox  sites  thanks  to the  electronic  interaction  between  sulfated  titania  and  VOx species.  Moreover,  it
seems  that  the  ‘in  situ’  or  ‘ex  situ’  elaboration  route  of sulfated  V-catalysts  inﬂuences  the  environment
of  vanadium  species.  In particular,  the  ‘in  situ’  route  leads  to a more  efﬁcient  catalyst.
© 2013 Elsevier B.V. All rights reserved.. Introduction
Vanadia-based catalysts, such as vanadia–titania, vanadylphos-
hates, vanadia on silica, ﬁnd widespread application in industry
ainly for partial oxidation (e.g. maleic and phtalic anhydride
yntheses) and for the SO2 to SO3 oxidation, a key step in the sul-
uric acid synthesis process. Among several other research groups,
he Krakow group headed by Haber performed very valuable fun-
amental and applied investigations concerning vanadia-based
xidation catalysts which resulted in a quite satisfactory picture
f the corresponding catalytic phenomena [1]. The catalytic total
xidation of chlorobenzene has been widely studied as model reac-
ion of dioxin combustion in waste gases treatments. Since the
ork of Jones and Ross [2], several research groups studied the
erformances of commercial and innovative vanadia containing
atalysts in VOC and Cl-VOC combustion. Amiridis et al. evaluated
he catalytic oxidation of dichlorobenzene over different supported
etal oxides, with respect to the V2O5–TiO2 system [3]. Cr2O3
nd V2O5 based catalysts have shown the highest activity, which
∗ Corresponding author at: Laboratoire de Chimie des Matériaux et Catalyse, Fac-
lté des Sciences de Tunis (FST), Campus Universitaire El Manar 2092, Tunisia.
el.:  +216 96940755.
E-mail address: gannoun.chiraz@gmail.com (C. Gannoun).
926-3373/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcatb.2013.08.009is also affected by the nature of the support. Titania seems to be
the most effective catalyst support for this application while alu-
mina is less indicated. This observation underlines the electronic
effect between titanium oxide (weak Lewis acidity) and vanadia
species [4]. In fact, the surface structure of TiO2 and Al2O3 are
different. Al2O3 exhibits only Lewis acidity, while TiO2 develops
Lewis acidity as well as redox properties. Consequently, in the
case of TiO2, the redox properties of vanadium will be modiﬁed
leading to an electronic interaction between this support and VOx
species. Vanadia loading is a key point for the activity and it has
been suggested that a single redox surface site participates in the
kinetically signiﬁcant steps, with the formation of crystalline V2O5
being detrimental on oxidation activity [5]. The addition of WO3,
and other dopants, affects the acidic properties of the catalytic sur-
face and it has reported recently to inﬂuence the performance of
vanadia based catalyst in total oxidation of chlorobenzene [6,7].
In fact, TiO2/WO3 catalysts are reported to be more active than
the TiO2 materials, although increasing Brønsted acidity by WO3
introduction increases chlorinated byproducts formation, such as
chloromaleic anhydride.
The high oxidative activity of V2O5 supported over acidic
SiO2/WO3/TiO2 has been reported by Albonetti et al. [8]. Silica leads
to a stabilization of the catalyst and favors formation of highly dis-
persed VOx species, at least at low vanadia loadings. Lewis acidity
of the catalyst surface is instead proposed to be involved in another
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dsorption–oxidation mechanism, mainly occurring over transi-
ion metal oxide catalysts, through nucleophilic substitution of the
hlorine atom to form strongly adsorbed chlorophenylate species,
he oxidation of aromatic ring to give carboxylate species being a
ater reaction step. This mechanism has been reported for chloro-
arbon oxidation over V2O5/TiO2 and V2O5/MoO3/TiO2 catalysts
9,10].
The role of different VOx species in total chlorobenzene oxida-
ion has been widely discussed in several papers from our group as
ell as the effect of a transition metal oxide dopant [11–14]. The
uthors performed benzene total oxidation as screening tests over
 number of transition metal based catalysts, whose formulation
as been deﬁned in order to have a theoretical coverage of active
hase spreading over titania, sulfated titania, alumina, and silica
upports, kept below the monolayer. Recently, we  investigated a
eries of TiO2, TiO2–SO42−, TiO2–CeO2 and TiO2–SO42−–CeO2 aero-
el supports prepared by a sol gel route on which active vanadia
as deposited via impregnation method. Catalytic tests indicated
hat Ce-doped V2O5-based catalysts achieve 100% chlorobenzene
onversion at 400 ◦C. This could be related to the redox proper-
ies of cerium, being in the form of CeO2 in the prepared catalysts.
esides, sulfate containing vanadia–titania samples prepared with
r without ceria had considerably improved catalytic properties
n the chlorobenzene oxidation in the lower temperature range
200–300 ◦C) as compared to corresponding unsulfated catalysts.
n fact, sulfation generates additional weak acidic sites at the cata-
yst surface. This likely promotes the chlorobenzene adsorption. As
ulfation also improves the redox properties of both vanadium and
erium species at the surface of the catalysts, a marked increase in
ctivity was observed. This was discussed due to the existence of
trong interaction between vanadia and sulfates on the one hand,
nd between ceria and sulfates on the other hand. These interac-
ions would induce a higher reactivity of redox sites leading to the
bserved higher efﬁciency of catalysts [15]. In a recent paper, we
emonstrated that sulfate containing Vanadia–titania aerogel cat-
lysts prepared via sol–gel method had also considerably improved
atalytic properties in the chlorobenzene oxidation at high temper-
ture as compared to corresponding unsulfated gels [16]. On the
ne hand, in all ﬂow papers, it seems that TiO2 surface area is a key
actor for good VOx dispersion. On the other hand, Titanates nano-
ubes materials have been discovered by Kasuga et al. [17,18] using
 simple, reproducible and not expensive alkaline hydrothermal
ethod. More recently, Kochkar et al. [19–21] demonstrated that
ydrogenotitanate nanotubes with controlled properties (tuned
orphology and diameter, high speciﬁc surface area and important
ation exchange capacity) can be successfully obtained.
Motivated by the favorable characteristics of nanotubular mor-
hology of TiO2 in terms of speciﬁc surface area, morphology,
rystallinity and porosity [19–22], we thus investigate in this study,
he use of TiO2 nanotubes as support for V2O5 based catalysts for
he total oxidation of chlorobenzene. The effect of the addition of
O42− onto the support will also be discussed, as acidic moieties in
he formulation – in particular sulfates – have indeed been already
hown to be beneﬁcial on the performances of VOx/TiO2 catalysts
16,23,24].
. Experimental
.1. Elaboration of the catalysts
The alkaline hydrothermal method [19,21], was  used to
laborate the titanate nanotubes materials (HNTs). Typically, a
ommercial TiO2 (Degussa P25, 0.5 g) was dispersed in 15 mL  of
n aqueous solution of NaOH (11.25 M)  and placed into a Teﬂon-
ined stainless steel autoclave. The autoclave was statically heatedEnvironmental 147 (2014) 58– 64 59
at 130 ◦C for 20 h. A white precipitate was  isolated upon ﬁltration
and washed intensively with hot ultra pure water until the pH value
of the supernatant had attained a value close to 9. In a second step,
an aqueous suspension containing the precipitate was neutralized
using a 0.1 M HCl solution until a pH value of 7 was  reached. After
neutralization, a second washing with 500 ml  of boiling ultra pure
water is carried out in order to remove the NaCl formed in excess
followed by a ﬁltration. To ensure that all Na+ is removed, a sec-
ond washing with 1 M HCl solution and 500 ml  of boiling ultra pure
water followed by a ﬁltration were carried out. Finally, the support
was dried at 80 ◦C for 24 h.
Unsulfated V2O5/HNTs based catalyst was  elaborated by
impregnating HNTs with NH4VO3 as precursor. This sample is
labeled V-HNTs. However, sulfated V2O5/HNTs materials were pre-
pared as follow:
- ‘Ex situ’ elaboration: Typically 0.5 g of HNTs materials were sul-
fated using 0.13 g of (NH4)2SO4 (99.65%) according to a molar
ratio nS/nTi = 0.2 and corresponding to a S content of 8 wt.%,
before being impregnated by 0.028 g of ammonium metavana-
date (NH4VO3) (99.99%). The obtained material is dried at 80 ◦C
for 24 h. This sample is labeled V-HNTs-S1.
- ‘In situ’ elaboration: Typically 0.028 g of ammonium vanadate
(NH4VO3) is introduced during the elaboration stage of the
nanotubes by the alkaline hydrothermal method. The obtained
material is impregnated by sulfates using 0.13 g of (NH4)2SO4
(99.65%). Finally, the material is dried at 80 ◦C for 24 h. This sample
is labeled V-HNTs-S2.
The two kinds of catalysts (sulfated and unsulfated) contain ca
2.5 wt.% of vanadium.
The obtained materials were ﬁnally calcined at 400 ◦C under air
ﬂow using a ramp of 2 ◦C min−1.
2.2. Characterization of catalysts
The elemental analysis was performed by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) allowing estimat-
ing the weight percentage of S and V. Typically, 50 mg of the sample
were dissolved in concentrated acidic solution containing 2/3 HCl
and 1/3 HNO3. Finally, the obtained solution was  diluted in 100 ml
of ultrapure water before being analyzed by ICP-AES. The measure-
ments were performed on a Horiba Jobin Yvon apparatus, Model
Activa.
Speciﬁc surface area and pore volume measurements of the
samples were done by N2 physisorption at 77 K using a Micromer-
itics ASAP 2020 apparatus. Prior to N2 physisorption, the samples
were outgassed in vacuum during 6 h at 200 ◦C.
X-ray diffraction patterns (XRD) were obtained using a MRD
PRO PANalytical X’Pert PRO instrument with Cu K radiation
( = 1.5418 A˚) at the rate of 0.02◦/s from 5◦ to 70◦.
In situ diffuse reﬂectance infrared spectroscopy (DRIFTS) spec-
tra were recorded on a Bruker IFS 55 spectrophotometer equipped
with a Thermo Spectra Tech reacting cell at a spectral resolution of
4 cm−1 and accumulating 200 scans. Samples were treated ‘in situ’
under a helium ﬂow (30 cm3 min−1) at 500 ◦C.
Total acidity was evaluated by temperature-programmed
desorption of ammonia (TPD/NH3) using a quadrupole Balzers QMC
311. Before NH3 desorption, the samples were pre-treated under
He ﬂow (60 ml  min−1) at 200 ◦C for 1 h. NH3 adsorption was per-
formed under ambient conditions by ﬂowing 0.5% NH3 in He over
the catalyst until saturation and then following the desorption of
NH3 along a temperature-programmed treatment under He from
50 to 500 ◦C using a heating rate of 10 ◦C min−1.
Temperature programmed reduction (TPR) experiments were
performed in a dynamic apparatus using 5% H2 in helium ﬂowing at
60 C. Gannoun et al. / Applied Catalysis B: Environmental 147 (2014) 58– 64
Table 1
Element analysis and nominal composition of V-HNTs, V-HNTs-S1 and V-HNTs-S2
calcined at 400 ◦C.
Catalyst Bulk composition (wt.%) Nominal
composition (wt.%)
V S V S
V-NHTs 2.3 – 2.5 –
6
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Fig. 1. N2 Adsorption–desorption isotherms at 77 K of the V-HNTs, V-HNTs-S1 and
V-HNTs-S2 samples treated at 400 ◦C.
Table 2
Textural properties of sulfated and unsulfated catalysts calcined at 400 ◦C.
Catalyst SBET (m2 g−1) Pore diameter (nm)
HNTs 174 106
was the subject of intense controversy. In its initial study, Kasuga
et al. [17] characterized their product as anatase. This assumption
was conﬁrmed in a more recent paper [25]. On the contrary, on
the basis of XRD, selected-area electron diffraction (SAED) andV-HNTs-S1 2.4 3.69 2.5 8
V-HNTs-S2 2.3 4.01 2.5 8
0 ml  min−1. Experiments were carried out in the range 30–800 ◦C.
he inlet and outlet gas compositions were measured using a
uadrupole mass spectrometer QMC  311 Balzers coupled to the
eactor.
X-ray photoelectron spectra (XPS) were collected on a SSI X
robe spectrometer (model SSI 100, Surface Science Laboratories,
ountain View, CA, USA) equipped with a monochromatized AlK
adiation (1486 eV). The samples powders, pressed in small stain-
ess steel troughs of 4 mm diameter, were placed on an insulating
omemade ceramic carousel. The pressure in the analysis chamber
as around 10−6 Pa. The angle between the surface normal and the
xis of the analyser lens was 55◦. The analyzed area was approxi-
ately 1.4 mm2 and the pass energy was set at 150 eV. The C1s peak
f carbon has been ﬁxed to 284.8 eV to set the binding energy scale.
ata treatment was performed with the CasaXPS program (Casa
oftware Ltd., UK) and some spectra were decomposed with the
east squares ﬁtting routine provided by the software with a Gaus-
ian/Lorentzian (85/15) product function and after subtraction of a
on linear baseline.
.3. Catalytic test
Catalytic tests were performed with 200 mg  of catalyst
200–315 m)  diluted in 800 mg  of inactive glass spheres with
iameters in the range 315–500 m in a metallic ﬁxed-bed
icro-reactor (PID Eng&Tech, Madrid, Spain) operating at atmo-
pheric pressure and fully monitored by computer. The gas stream
as composed of 100 ppm of chlorobenzene, 20 vol.% of O2 and
elium as diluting gas to obtain 200 ml  min−1 (space velocity
VVH) = 37,000 h−1). The reaction was run from 100 to 400 ◦C
n a step mode with a 150 min  plateau at each temperature
nvestigated. Analysis of reactants and products was continuously
erformed by on line gas chromatography (GC).
. Results and discussion
Nominal and experimental chemical compositions of the inves-
igated samples are compared in Table 1. The results indicate that
anadium was successfully incorporated in V-HNTs catalyst. The
mall difference observed may  result from inaccuracies in the
reparation of the solution of sample for ICP analysis (ca. weigh-
ng). For sulfated samples, differences between the theoretical and
he experimental sulfur content could be attributed to the loss of
ome of the sulfur during thermal post-treatment [16].
The nitrogen adsorption–desorption isotherms of the HNTs, V-
NTs, V-HNTs-S1 and V-HNTs-S2 samples (Fig. 1) present a type IV
roﬁle with H3 hysteresis loops characteristic of non-rigid aggre-
ates of particles giving rise to slit-shaped pores. This reveals that
he hydrothermal treatment of the non-porous TiO2 P25 leads
o the formation of developed textural properties. The textural
roperties of the samples are summarized in Table 2. First, the
urface area of HNTs sample (174 m2 g−1) decreases after impreg-
ation with vanadium (103 m2 g−1) indicating a partial blocking of
mall pores by VOx species. However, the average pore diameter
ncreases by a factor of 1.6. While the V-HNTs sample presents aV-HNTs 103 17.1
V-HNTs-S1 144 10.8
V-HNTs-S2 138 11.5
pore distribution with a maximum at a diameter of 17.1 nm,  the
V-HNTs-S1 and V-HNTs-S2 samples show a maximum pore size
value at 10.8 and 11.5 nm (Fig. 2). The presence of sulfates in the
catalysts leads to clear changes in the textural properties. These
results could be attributed to the reorganization of TiO2 crystallites
sizes after sulfation step. Finally, all catalysts are mesoporous with
surface areas in the range of 100–144 m2 g−1 which is an adequate
range for VOCs catalytic abatement.
The XRD patterns of the catalysts are shown in Fig. 3. The
assignment of the structure of titanate nanotubular materialsFig. 2. Porous distributions of HNTs, V-HNTs, V-HNTs-S1 and V-NTs-S2 materials
treated at 400 ◦C.
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big. 3. X-ray powder diffraction patterns of HNTs, V-HNTs, V-HNTs-S1 and V-HNTs-
2 samples treated at 400 ◦C.
igh-resolution transmission electron microscopy (HRTEM) data,
eng et al. [26,27] proposed that the crystal structure of titanate
anotubes corresponds to the layered trititanic acid (H2Ti3O7)
ith a monoclinic crystal structure. On the basis of XRD and
ransmission electron microscopy (TEM) data, Nakahira et al. [28]
ssigned HNTs produced using alkaline hydrothermal treatment
o a tetratitanic acid, H2Ti4O4(HO)2. On the basis of studies of the
odium content of titanate nanotubes at various pH values, during
cid washing (in combination with XRD and TEM data), Yang
t al. [29] and Kochkar et al. [19] proposed the following crystal
tructure of titanate nanotubes: H2Ti2O5.H2O with an orthorhom-
ic unit cell. In conclusion, nanotubes are assumed to be layered
rotonated polytitanates (H2−xMxTinO2n+1 with M = Na or K; x ≤ 2;
 = 2, 3, 4 or 5) and sodium can be exchanged under acidic medium.
Our results revealed that the V-HNTs catalyst is very well crys-
allized and only anatase phase is detected (diffraction peaks at
 = 25◦, 37◦, 48◦ and 53◦ (PDF-ICDD 21-1272)). However, for the
ulfated catalysts, a typical XRD pattern of anatase and several weak
eaks of HNTs support are observed. Pure HNTs samples indeed
resent broad diffraction peaks mainly at 2 values of 10.0◦, 24.6◦,
8.4◦, and 48.5◦ which can be ascribed neither to anatase nor to
utile. These XRD patterns correspond to orthorhombic phase of the
ype H2Ti2O5·H2O (or NaxH2−xTi2O5·H2O for Na-HNTs) [19,30–33].
omplementary Rietveld analysis of this sample excludes the pos-
ibility of formation of a H2Ti3O7 orthorhombic phase as reported
y other studies [34–36]. The (2 0 0) peak at 2 = 10.0◦ corre-
ponds to the interlayer distance between walls of the nanotubes
30,37]. These results suggest that sulfate groups do not destroy
he nanotubular morphology. Moreover, no vanadia patterns were
bserved in any of the elaborated catalysts indicating that V2O5
anoparticles are (i) well dispersed onto the surface of the supports
r (ii) having very small particle size.
Recently, we studied the structural, textural and morphological
tability of HNTs support (with sodium or sodium free samples)
s a function of the calcination temperatures [38]. The complete
emoval of sodium from the titanate orthorhombic structure did
ot modify substantially the morphology of the TiO2 material. HNTs
s still composed of homogeneous bundles of nanotubes with a
iameter of 10–14 nm and a wall thickness of 2–3 nm.  However,
ome modiﬁcations can also be noticed. After calcination at 400 ◦C
or 2 h, the HNTs-400 sample still presents nanotubular morphol-
gy. HNTs-400 forms assembly of aggregated nanotubes resulting
n the formation of an inter-granular porosity in the voids formed
etween aggregated tubes. HRTEM image of the extremity of oneFig. 4. DRIFTS spectra of V-HNTs, V-HNTs-S1 and V-HNTs-S2 samples treated at
400 ◦C.
of these nanotubes showed that this sample presents open ends
with an outer diameter of about 10 nm,  an inner diameter of 4 nm
and a length of about 100–300 nm.  The lattice fringes are more
clearly discernable after calcination at 400 ◦C suggesting a higher
crystallinity. An interlayer d spacing of 0.34 nm can be measured
corresponding to the (1 0 1) plane of anatase suggesting that the
orthorhombic phase relative to titanate nanotubes was  already
transformed into anatase at this temperature of calcination. After
calcination at 500 ◦C, the HNTs-500 sample has completely lost its
monodimensional morphology leading to the formation of plate-
like particles. A d spacing of 0.36 nm can still be measured showing
that (1 0 1) planes of anatase can still be detected even after col-
lapse of the nanotubular morphology. After calcination at 600 ◦C,
only agglomerated spherical particles without any precise mor-
phology are obtained. Noticeably, rod-like objects are not observed.
Statistical distributions of the average size of particles obtained on
HNTs-500 and HNTs-600 showed a progressive increase in size of
the TiO2 particles due to a sintering phenomenon. In conclusion,
our catalysts are stable (in terms of structural and morphological
properties) in the range of the reaction temperatures (100–400 ◦C).
The DRIFTS spectra of the prepared catalysts treated at 400 ◦C
are given in Fig. 4. All samples exhibit bands at 3300 and 1647 cm−1
assigned to stretching vibrations of O H and bending vibrations
of molecular water, respectively, were observed for all samples.
These results suggest the presence of certain number of surface
hydroxyl groups. In addition, three bands appeared at 1452, 1182,
and 1085 cm−1; the ﬁrst band was assigned to the asymmetric
stretching mode of SO in covalent sulfate species (TiO)2SO2 [39,40],
while the latter two originated from surface vibrations incorpo-
rating water molecules causing deformation of the surface TiO2
octahedra surrounding surface Ti atoms [41]. A band in the range of
960–975 cm−1 and centered at 966 cm−1 is probably characteristic
of Ti O Ti anatase structure or due to vanadate species in the inter-
layer spaces. The sharp band at 1030 cm−1 encountered in the case
of sulfated materials could be assigned either to the V = O stretching
vibration mode of crystalline V2O5 [42] or to the vibration modes
of sulfate species [39,40].
In addition, as shown in Fig. 4, there are three peaks at 1452,
1253 and 1085 cm−1 matching the bidentate symmetry [43]. Its
conﬁguration could be chelating bidentate or bridged bidentate
(Fig. 5).Based on the isotope exchange and IR results, Saur et al. [44]
suggested that the structure of the sulfated oxide under dry con-
ditions is (Ti O)3S O, whereas under wet conditions, the surface
structure is the bridged bidentate form with H forming a Brönsted
62 C. Gannoun et al. / Applied Catalysis B: Environmental 147 (2014) 58– 64
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tion of sulfate species into SO2 essentially as observed in earlier
works [55–57]. For V-HNTs catalyst, a weak peak centered at about
454 ◦C might be ascribed to the reduction of VO species [58,59].Fig. 5. Schematic suggestion of the electronic interaction titanium-sulfates.
ite (Ti2SO4)H. Moreover, the absence of peak at 1201 cm−1 char-
cteristic of the chelating bidentate symmetry [42] proves that, in
ur study, we have more likely the bridged conﬁguration. There-
ore, from the symmetry analysis of the DRIFTS spectra, the reaction
onditions (with water) and the isotope IR spectra of Saur et al. [44],
t’s concluded that the sulfated vanadia–titania is bridged bidentate
ith titania whatever the method used for the vanadium incorpo-
ation. Fig. 6 suggests that a strong interaction could occur between
anadia, titania, and sulfate species.
We investigated the surface composition of the V-HNTs cata-
ysts using XPS measurements. The binding energy values of the
lements O1s, Ti 2p, S 2p and V 2p and the surface atomic ratios V/Ti,
/Ti are displayed in Table 3. The binding energies of Ti 2p3/2 for all
atalysts were around 459 eV, characteristic of Ti4+ in TiO2 [45,46].
 contribution with binding energies around 515 and 517 eV was
etected for all samples suggesting that vanadium, in this study,
as present as a mixture of IV and V oxidation states [47,48]. The
PS binding energies of the O1s were around 530 eV, which is typ-
cal of oxide oxygen [49,50]. For sulfated catalysts, a peak with a
inding energy near 169 eV was measured for the S 2p3/2. According
o literature, such an XPS band represents the existence of sulfate
n the catalyst surface [51,52]. The surface atomic ratios V/Ti are
uiet similar for both V-HNTs and V-HNTs-S1 samples. However, in
-HNTs-S2 sample obtained by ‘in situ’ elaboration, the V/Ti ratio
iminishes to 0.049 revealing a decrease of the relative exposure of
anadium at the surface of this catalyst. Furthermore, sulfate ions
re exposed similarly in both sulfated samples.
In order to determine how the sulfate concentration impacts
he surface acidity on V-HNTs catalysts, the acidity behavior of V-
NTs, V-HNTs-S1 and V-HNTs-S2 catalysts were evaluated by NH3
TPD experiments. The obtained proﬁles are given in Fig. 7. The
H3 desorption proﬁle of the V-HNTs sample shows two unre-
olved peaks at around 100 and 380 ◦C which could be attributed
o NH3 desorbing from weak and strong acidic sites, respectively
53,54]. The presence of sulfates signiﬁcantly enhances the total
cidity of the HNTs materials. Especially, sulfate groups interact
ith titanium species, creating more numerous weak and strong
ig. 6. Schematic suggestion of the electronic interaction vanadium–titanium-
ulfates.Fig. 7. NH3-TPD proﬁles of V-HNTs, V-HNTs-S1 and V-HNTs-S2 samples treated at
400 ◦C.
acidic sites as indicated by the increase of the intensities of the two
peaks mentioned above. This enhancement is highly beneﬁcial for
the catalytic performances of V2O5/TiO2 catalysts as discussed in
earlier works [12,16,45]. In fact, the weak acidic sites would pro-
mote the adsorption of the chlorobenzene on the support while
strong acidic sites would improve the spreading of the V2O5 species.
Moreover, it seems that the strength of acid sites is inﬂuenced by
the elaboration route of the catalysts namely: ‘in situ’ or ‘ex situ’. In
fact, the NH3-desorption temperatures from weak and strong acid
sites are shifted toward lower temperatures in the case of V-HNTs-
S1 reﬂecting a decrease in the strength of the acid sites. However,
the strong acidity observed in the case of V-HNTs-S2 is likely related
to the lower vanadium exposure as demonstrated by XPS and to the
lower agglomeration of vanadium species.
The reducibility of sulfate and vanadium was examined by
means of H2-TPR (Fig. 8). A reference TPR proﬁle was  measured for
a sulfated support (HNTs-S) elaborated with a molar ratio S/Ti = 0.2
following the synthesis described in Section 2. HNTs-S exhibits two
peaks around 679 and 665 ◦C which could be assigned to the reduc-x
The addition of SO42− is observed to slightly inhibit the reduction
Fig. 8. H2-TPR proﬁles of V-HNTs, V-HNTs-S1 and V-HNTs-S2 samples treated at
400 ◦C.
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Table 3
XPS binding energies of V-HNTs,V-HNTs-S1 and V-HNTs-S2 catalysts calcined at 400 ◦C.
Catalyst Binding energy (eV) Atomic ratio
O1s Ti 2p3/2 V 2p3/25+ V 2p3/24+ S 2p3/2 V/Ti S/Ti
V-HNTs 529.9 458.6 517.3 
V-HNTs-S1 530.1 458.9 517.1 
V-HNTs-S2 530.2 458.9 517.2
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iFig. 9. Chlorobenzene conversion over vanadia supported catalysts.
f vanadia since the vanadium reduction peak maxima at 454 ◦C
lightly shifted to higher temperatures (weak peaks at 528 and
20 ◦C for V-HNTs-S1 and V-HNTs-S2 catalysts, respectively). These
bservations suggest that the presence of SO42− ions probably sta-
ilize the vanadium in a higher oxidation state which might be
eneﬁcial for chlorobenzene oxidation [16,23]. Similarly, the pres-
nce of vanadium at the surface of sulfated catalysts enhances the
eduction behavior of sulfate groups. Especially, the reducibility of
ulfate was observed more important in the sulfated V/HNTs mate-
ials than non sulfated HNTs support. Indeed, TPR reduction peaks
hifted toward lower temperatures (634 and 623 ◦C for V-HNTs-S1
nd 536 ◦C for V-HNTs-S2). These observations highlight the exist-
nce of an electronic interaction between vanadium-Titanium and
ulfates as described in Fig. 6. However, this interaction is more
ronounced in the case of the ‘in situ’ elaborated sulfated V-catalyst.
Fig. 9 summarizes the chlorobenzene conversion of the catalysts
n the range 100–400 ◦C. CO2 is the main product. The carbon bal-
nce is completed with carbon monoxide, which is also produced
specially at a relatively high temperature (from a few percent up
o ca. 30%). No other partial oxidation products (chlorinated or not)
re observed. Each temperature was maintained for 2 h and 30 min
nd iso-conversion was always observed. These observations hold
or all catalysts.
The V/HNTs catalyst is virtually inactive for chlorobenzene con-
ersion below 250 ◦C and exhibits an activity around 81% at 400 ◦C.
he introduction of sulfates clearly leads to more active vanadia cat-
lysts, with respect to V-HNTs. V-HNTs-S2 and V-HNTs-S1 sulfated
atalysts reached indeed 100% and 97.5% of chlorobenzene conver-
ion at 350 ◦C and 400 ◦C, respectively. These observations pointed
ut the beneﬁcial role of sulfated hydrogenotitanate nanotubes as
upport. The enhancement of the catalytic activity of V-HNTs-S1
ased catalysts in chlorobenzene oxidation at moderate temper-
ture could be related to the structure of the active site. Based
n DRIFTS results, the surface structure in the hydrogenotitanate
anotubes is the bridged bidentate form (Fig. 5) with H form-
ng a Brönsted site (Ti2SO4)H. The titanium electron deﬁciency
n bridged bidentate form should be different compared to the
[
[
[515.8 – 0.086
515.9 169.1 0.081 0.318
515.3 168.9 0.049 0.33
chelating bidentate. These observations suggest that the presence
of bridged bidentate form probably stabilize the vanadium in a
higher oxidation state as shown by H2-TPR. In fact, sulfates on
the surface of vanadia based catalysts signiﬁcantly affect both the
redox and the acidic properties of these materials as evidenced by
H2-TPR and NH3-TPD experiments. This result corroborates with
previous researches which showed that the interaction between
sulfated titanium and vanadium species enhances the reducibility
of VTiS materials and the reactivity of vanadium redox sites, leading
to more active catalysts [12,16,52,60].
Moreover, it seems that the elaboration route of sulfated
V-catalysts ‘in situ’ or ‘ex situ’ inﬂuences the environment of vana-
dium species. In particular, the ‘in situ’ way  leads to a more efﬁcient
catalyst although vanadium is less exposed (XPS results). The expla-
nation that we advance is that the beneﬁcial effect of sulfation
is further enhanced when the catalyst is prepared by the ‘in situ’
route as shown by NH3-TPD results. Also, the interaction between
vanadium and sulfate groups was  more pronounced in the case
of V-NHTs-S2 as evidenced by H2-TPR. These two  effects seem to
outweigh the loss of V species via the ‘in situ’ way.
4. Conclusion
We demonstrated the application of high surface area sulfated
TiO2 nanotubes (HNTs) as promising support for the V2O5 based
materials. Sulfation of HNTs materials yields to the formation of
bridged bidentate titanium and generates more acidic sites at the
surface, which likely (i) govern the chlorobenzene oxidation and (ii)
decreases the reducibility of vanadium leading to higher reactivity
of redox sites and consequently to higher efﬁciency of the catalysts.
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